Population genetics theory indicates that natural selection will affect levels and patterns of genetic variation at closely linked loci. Background selection (Charlesworth, Morgan, and Charlesworth 1993) proposes that the removal of recurrent deleterious mutations and associated neutral variants will cause a reduction of nucleotide variation in low-recombination regions. The strength of background selection depends on the deleterious mutation rate, the magnitude of selection and dominance, and the recombination rate. Genetic hitchhiking (Maynard Smith and Haigh 1974) , the fixation of advantageous alleles and the associated fixation of linked neutral alleles, can also decrease nucleotide diversity in low-recombination regions. The extent of genetic hitchhiking depends on the strength of selection and the rate of recombination. Therefore, under both background selection and genetic hitchhiking, theory predicts that genomic regions that rarely recombine may be subject to reductions in nucleotide diversity. Furthermore, if the rate of deleterious mutation or selective sweeps (or both) is sufficiently high, background selection (Hudson and Kaplan 1995) and genetic hitchhiking (Wiehe and Stephan 1993) models predict an overall positive correlation between nucleotide polymorphism and recombination rate.
Population genetics theory indicates that natural selection will affect levels and patterns of genetic variation at closely linked loci. Background selection (Charlesworth, Morgan, and Charlesworth 1993) proposes that the removal of recurrent deleterious mutations and associated neutral variants will cause a reduction of nucleotide variation in low-recombination regions. The strength of background selection depends on the deleterious mutation rate, the magnitude of selection and dominance, and the recombination rate. Genetic hitchhiking (Maynard Smith and Haigh 1974) , the fixation of advantageous alleles and the associated fixation of linked neutral alleles, can also decrease nucleotide diversity in low-recombination regions. The extent of genetic hitchhiking depends on the strength of selection and the rate of recombination. Therefore, under both background selection and genetic hitchhiking, theory predicts that genomic regions that rarely recombine may be subject to reductions in nucleotide diversity. Furthermore, if the rate of deleterious mutation or selective sweeps (or both) is sufficiently high, background selection (Hudson and Kaplan 1995) and genetic hitchhiking (Wiehe and Stephan 1993 ) models predict an overall positive correlation between nucleotide polymorphism and recombination rate.
Empirical investigations of nucleotide variation support these predictions. In Drosophila melanogaster, regions of the genome with little recombination show reduced heterozygosity (Aguade, Miyashita, and Langley 1989; Begun and Aquadro 1991; Berry, Ajioka, and Kreitman 1991) . Furthermore, there is evidence that nucleotide variation and recombination rate are positively correlated in several taxa, including fruit flies (Begun and Aquadro 1992) , house mice (Nachman 1997) , goatgrasses (Dvorak, Luo, and Yang 1998) , sea beets (Kraft et al. 1998) , tomatoes (Stephan and Langley 1998) , humans (Nachman et al. 1998; Przeworski, Hudson, and Di Rienzo 2000; Nachman 2001) , and maize (Tenaillon et al. 2001) . The combination of theoretical and empirical results indicates that selection acting at linked sites is likely to be a major force shaping genomic patterns of nucleotide variation.
The documented relationship between nucleotide variation and recombination rate raises the question of whether other measurable variables can explain additional variation in nucleotide polymorphism in the context of selection at linked sites. We predict that the effects of selection at linked sites will depend on local gene density. If selection acts primarily on genes, genomic regions with high gene density will harbor more potential selective targets than genomic regions with low gene density. This prediction should be valid irrespective of whether positive or purifying selection is driving observed patterns. Humans provide a good system in which this prediction can be tested, for two reasons. First, gene density varies substantially across the genome (International Human Genome Sequencing Consortium 2001; Venter et al. 2001) . For example, sequence data suggest that chromosome 19 has an average of 23 genes per Mbp, whereas chromosome 4 averages only 6 genes per Mbp (Venter et al. 2001) . Second, estimates of nucleotide polymorphism assessed using reasonable sample sizes are available for multiple loci across the human genome. Here, we demonstrate that nucleotide diversity and gene density are negatively correlated in humans. This result provides further evidence for the importance of selection at linked sites and suggests that the number of genes in a genomic region is a reasonable indicator of selective intensity.
We assessed the relationship between nucleotide polymorphism (measured by Watterson's [1975] ) and gene density using data from sequence-based studies of variation that sampled more than 10 chromosomes (table  1) . The variance in can be quite large with sample sizes smaller than 10 (Pluzhnikov and Donnelly 1996) .
For X-linked loci, nucleotide diversity was multiplied by to account for the fact that the effective 4 ⁄3 population size of the X chromosome is ¾ of that of the autosomes (assuming a sex ratio of 1). Sequence-based maps of the human genome (http://www.ncbi.nlm.nih. gov/genome/guide/human/, June 2001 Version) were used to estimate the base pair position of each locus. Gene density was estimated by counting the number of genes in a window, including 1 Mbp of sequence on either side of each locus (http://www.ncbi.nlm.nih.gov/ genome/guide/human/). Gene density estimates based on a 10-Mbp window gave similar results. Recombination rates were taken from Payseur and Nachman (2000), who compared the genetic and physical positions of microsatellites spaced at approximately 2-Mbp intervals. Recombination rates for X-linked loci were multiplied by ⅔ to correct for differences in population recombination rates. All variables were approximately normally distributed (visual inspection of histograms; ShapiroWilks goodness-of-fit test; P Ͼ 0.05). Additionally, the residuals from the regression of on all variables were normally distributed (P Ͼ 0.05). All analyses were done using least-squares linear regression.
Nucleotide polymorphism and recombination rate are strongly, positively correlated (R 2 ϭ 0.63; P ϭ 0.0002; fig. 1a ) for these data, despite no evidence for a positive relationship between divergence and recom- is a statistical outlier in all analyses. As noted by Harris and Hey (2001) , this locus may have experienced strong, recent selection, and hence may not be expected to be representative of loci with its recombination rate and gene density. A second locus (Alonso and Armour 2001) , in chromosomal region 16p13.3, lies at the tip of the chromosome, making it difficult to reliably estimate recombination rate. Although we excluded this locus from our analyses, it appears to be the most polymorphic locus among those surveyed at the nucleotide level in humans and it is situated adjacent to a recombinational hotspot, with recombination rates more than ten times higher than the genomic average (Badge et al. 2000) . Hence, data from this locus conform to patterns expected under models of selection at linked sites.
b Band indicates band position of each locus on the cytogenetic map (http://www.ncbi.nlm.nih.gov/genome/guide/human/). c Sequence indicates whether the majority of surveyed sequence is from intergenic regions or introns. In some studies, a small amount of sequence from exons was also surveyed. Only MC1r includes a large percentage of coding sequence (100%).
d N is the number of chromosomes surveyed. e L is the number of base pairs surveyed. f Nucleotide diversity for X-linked loci was multiplied by 4/3 to correct for differences in effective population size. g Recombination rate for X-linked loci was multiplied by 2/3 to correct for differences in population recombination rate. h Divergence was estimated by comparing human and chimpanzee sequences. i Divergence estimates were not available for these loci. j M. W. Nachman et al. (unpublished data) .
bination rate (P Ͼ 0.05). Comparing the residuals of the regression of nucleotide polymorphism on recombination rate with gene density reveals a significant negative association (R 2 ϭ 0.25; P ϭ 0.04; fig. 1b ). As predicted, nucleotide polymorphism is reduced in regions with higher gene density, once recombination rate variation is taken into account. A model including both recombination rate and gene density as independent variables explains 68% (adjusted R 2 ; P ϭ 0.0001; recombination rate: P ϭ 0.0001; gene density: P ϭ 0.05) of the variation in nucleotide polymorphism. There is weak evidence for a negative association between nucleotide polymorphism and gene density alone (R 2 ϭ 0.17; P ϭ 0.10). There is no evidence of a statistical interaction between recombination rate and gene density, although such an interaction would be difficult to detect with our small sample size. We also asked whether an alternative measure of nucleotide variation, the average pairwise divergence between sequences, (Nei and Li 1979) , is associated with gene density. There is a slight trend toward a negative relationship, but it is not statistically significant (P Ͼ 0.05 in all tests). and incorporate
The relationship between nucleotide polymorphism and recombination rate. Scatterplot of nucleotide polymorphism ( , expressed as a percentage) versus recombination rate (cM/Mb) for 17 loci surveyed in humans. R 2 ϭ 0.63; P ϭ 0.0002. (b) The relationship between nucleotide polymorphism, corrected for variation in recombination rate, and gene density. Scatterplot of the residuals from a regression of nucleotide polymorphism on recombination rate versus gene density. R 2 ϭ 0.25; P ϭ 0.04. different aspects of the data in their estimates of nucleotide diversity. Whereas is estimated by counting the number of segregating sites in the total sample, is estimated by comparing all the pairwise sequence combinations and calculating the average number of differences. As a result, contains information about allele frequencies and does not. However, has a lower sampling variance than . Using the average number of sampled chromosomes (n ϭ 124) and the average or value (approximately 0.1%) for the studies included in our analysis, under an infinite sites model with no recombination, the sampling variance of (0.034%) is nearly twice that of (0.019%). Although this effect may be ameliorated by recombination (Pluzhnikov and Donnelly 1996) , the increased statistical difficulty in estimating may contribute to our failure to detect an association between gene density and .
An alternative interpretation of our results is that nucleotide polymorphism is shaped by other variables that are correlated with gene density or recombination rate. GC content is positively correlated with both gene density (International Human Genome Sequencing Consortium 2001) and recombination rate (Fullerton, Bernardo Carvalho, and Clark 2001) in humans. Consequently, we asked whether GC content was associated with nucleotide polymorphism alone or once gene density and recombination rate had been taken into account. There is no evidence that GC content affects levels of polymorphism in these data (P Ͼ 0.05, bivariate and multiple linear regression analyses), although a weak correlation between SNP (single nucleotide polymorphism) heterozygosity and GC content in humans has been reported (International SNP Map Working Group 2001) . This discrepancy may be because of the relatively small number of loci used in our study.
Several conclusions follow from these results. First, natural selection at the molecular level has a pronounced effect on the levels of nucleotide heterozygosity in humans. Even if the total number of sites under selection is relatively modest, it is clear that the effects on linked, neutral variation can be substantial. It remains to be seen whether the patterns depicted in figure 1 are driven mainly by positive selection and associated genetic hitchhiking, purifying selection, or some combination of both. Background selection and genetic hitchhiking are not mutually exclusive, and it seems likely that both processes may be contributing to observed patterns (Kim and Stephan 2000) . Second, these results suggest that the density of genes is a reasonable indicator of the potential for selection and that genes are likely the targets of selection in many cases. However, the high degree of sequence conservation between human and mouse in intergenic regions suggests that many of these intergenic regions may also be functional, possibly containing important cis-regulatory elements (Shabalina et al. 2001) . The degree to which the densities of genes and cis-regulatory elements covary is therefore an interesting question for further investigation. Finally, our results indicate that levels of human nucleotide polymorphism can be predicted with reasonable precision, given the knowledge about local recombination rate and gene density. Because recombination rate and gene density can now be measured throughout the human genome, this predictive ability could assist efforts to map genes underlying complex diseases.
